Abstract: The Compositae is one of the largest and most economically important families of flowering plants and includes a diverse array of food crops, horticultural crops, medicinals, and noxious weeds. Despite its size and economic importance, there is no reference genome sequence for the Compositae, which impedes research and improvement efforts. We report on progress toward sequencing the 3.5 Gb genome of cultivated sunflower (Helianthus annuus), the most important crop in the family. Our sequencing strategy combines whole-genome shotgun sequencing using the Solexa and 454 platforms with the generation of high-density genetic and physical maps that serve as scaffolds for the linear assembly of whole-genome shotgun sequences. The performance of this approach is enhanced by the construction of a sequence-based physical map, which provides unique sequence-based tags every 5-6 kb across the genome. Thus far, our physical map covers ∼85% of the sunflower genome, and we have generated ∼80× genome coverage with Solexa reads and 15.5× with 454 reads. Preliminary analyses indicated that ∼78% of the sunflower genome consists of repetitive sequences. Nonetheless, ∼76% of contigs >5 kb in size can be assigned to either the physical or genetic map or to both, suggesting that our approach is likely to deliver a highly accurate and contiguous reference genome for sunflower.
Introduction
The Compositae, or sunflower family (Asteraceae) , is the largest plant family on earth, with over 24 000 described species, representing roughly 10% of all flowering plant species (Stevens 2010) . Compositae species live on every continent except Antarctica and are found in a huge diversity of habitats, including forests, grasslands, deserts, wetlands, mountaintops, salt marshes, lawns, and agricultural fields (Funk et al. 2009 ). They can grow as herbs, shrubs, trees, or even vines. They include economically important crops, rare and beautiful wildflowers, common allergens, valuable medicinals, and costly invasive plants and rangeland weeds (Dempewolf et al. 2008) . They are referred to as Composites because what looks like a single large flower is actually a composite of many tiny flowers, sometimes thousands. Some of the more well-known Composites include sunflowers, lettuce, artichokes, dandelions, thistles, daisies, ragweed, goldenrod, and chicory.
Despite the wide diversity and economic importance of plants in this family, there is no genome sequence for any of these species or for any plants from closely related families. This has slowed genetic research and crop breeding and made many experiments more difficult or impossible. Because the genomes of Compositae crops are quite large, it has until recently been considered overly costly and impractical to sequence them. For instance, the sunflower genome is ∼3.5 billion bases long (Baack et al. 2005) , slightly longer than the human genome, which cost roughly US$3 billion to sequence the first time. However, DNA sequencing technology has advanced dramatically in the past decade, making it more practical and much less expensive to sequence and assemble a new genome (Mardis 2008; Schatz et al. 2010 ).
Here we report on our progress towards developing a highquality "reference" genome for sunflower, Helianthus annuus L., which ranked eleventh in 2008 among the world's food crops in terms of area harvested (http://www.fao.org/). Sunflower's economic importance, excellent germplasm resources, and highly developed genetic toolkit make it a logical candidate for large-scale sequencing within the Compositae. Sunflower is also the only major crop to have been domesticated in North America (Harter et al. 2004) . A whole-genome sequence for sunflower will provide a reference genome for resequencing studies and will increase the utility of the extensive sunflower expressed sequence tag resources (Lai et al. 2005a; Church et al. 2007; Barker et al. 2008; Heesacker et al. 2008) , revealing gene locations, gene family size, promoter and intron sequences, relationships between paralogs, and alternative splicing. A sunflower genome will also serve as a useful reference for studies of genome evolution in Helianthus (Rieseberg et al. 1993 (Rieseberg et al. , 1995 (Rieseberg et al. , 2003 Burke et al. 2004; Baack et al. 2005; Lai et al. 2005b Lai et al. , 2006 Ungerer et al. 2006; Heesacker et al. 2009) , as well as between Helianthus and other species in the Compositae (Natali et al. 2006; Timms et al. 2006 ).
Overall strategy
Several considerations influenced our strategy for sequencing the sunflower genome. First, we were aiming for a gold standard reference sequence in terms of both sequence accuracy and contiguity. The latter may not be critical for many sequencing projects, but it is important for crop plants where many applications require knowledge of the precise chromosomal location of the sequence of interest (e.g., Blackman et al. 2010 Blackman et al. , 2011 Wieckhorst et al. 2010) . Second, the sunflower genome is very large with abundant repetitive sequences (Cavallini et al. 2009 ), so an approach based exclusively on whole-genome shotgun (WGS) of second-generation sequence data is unlikely to reliably link, order, and orient sequenced contigs (Rounsley et al. 2009; Schatz et al. 2010 ). Third, funds available for sequencing the sunflower genome are limited, so we could not afford clone-by-clone bacterialartificial-chromosome-based (BAC-based) sequencing, such as that employed for the Arabidopsis thaliana (The Arabidopsis Genome Initiative 2000), Oryza sativa subsp. japonica (International Rice Genome Sequencing Project 2005), and Zea mays (Schnable et al. 2009 ) genome projects. Even the relatively low coverage of 6× WGS obtained with Sanger sequencing is not affordable for sunflower because of the large size of its genome.
Given these considerations, we have developed a hybrid approach that combines WGS sequencing using the Solexa platform (acquired by Illumina) and 454 Life Sciences platform (acquired by Roche) with the generation of high-density genetic and physical maps that can serve as scaffolds for the linear assembly of WGS sequences. The performance of this approach is enhanced by the construction of a sequence-based physical map, which will provide unique sequence-based markers every 5-6 kb across the genome. The combination of Solexa and 454 reads is effective because the two sequencing platforms bring different strengths: Solexa brings great depth, but cannot bridge regions of low complexity, whereas 454 reads can span longer repeats, but their higher cost makes deep coverage expensive (Dalloul et al. 2010; Schatz et al. 2010) . A final finishing step involves targeted sequencing of individual BACs or BAC pools from incomplete or poorly assembled genomic regions. This strategy should provide a reference genome that is equivalent in accuracy and connectivity to one generated by high-coverage Sanger sequencing, but at a small fraction of the cost. Our approach thus takes advantage of second-generation sequencing platforms while avoiding the pitfalls associated with the de novo assembly of large and highly repetitive plant genomes from the relatively short reads generated by these platforms.
A similar approach has been used to successfully sequence the 1.1 Gb turkey genome (Dalloul et al. 2010) , except that the turkey genome project employed traditional fingerprinting and BAC end sequencing for physical map construction. Nonetheless, they were able to assign 917 Mb of sequence (83% of the genome) to specific turkey chromosomes.
Genetic mapping
A dense genetic map for sunflower is expected to greatly facilitate the placement and orientation of sequence contigs. Prior to this project, approximately 2000 sequence-based markers had been mapped to 17 linkage groups in sunflower, a number that corresponds to the haploid chromosome number of the species (http://www.sunflower.uga.edu/cmap/; Berry et al. 1995; Gentzbittel et al. 1995 Gentzbittel et al. , 1999 Jan et al. 1998; Gedil et al. 2001; Burke et al. 2002 Burke et al. , 2004 Tang et al. 2002; Yu et al. 2003; Lai et al. 2005a; Chapman et al. 2008; Heesacker et al. 2009 ). Mapping efforts currently underway should provide close to a 10-fold increase in the density of the genetic map.
Two gene chips have been constructed for genetic mapping: (i) a 10 640 single-nucleotide repeat (SNP) Infinium array developed by researchers at the University of Georgia in collaboration with Advanta Seeds, Dow Agrosciences, Syngenta, and Pioneer Hi-Bred; and (ii) a 2.56 million-feature Affymetrix chip developed by a consortium of researchers at the French National Institute for Agricultural Research (INRA), The University of British Columbia, the University of Georgia, Syngenta AG, and Biogemma.
To date, four populations of H. annuus have been genotyped with the Infinium array (J. Bowers et al., unpublished data). Two of these are intermated F2 populations that involve the cultivar we are sequencing, HA412-HO, a higholeic oilseed line (Miller et al. 2006) . These populations will be especially useful for scaffolding, because intermating permits very high resolution genetic mapping. Between 3500 and 4100 markers have been placed on each map, and >70% of the 10 640 SNPs have been placed on at least one of the four maps. An integrated map created from the four separate SNP maps plus simple sequence repeats mapped previously contained over 10 000 loci, including ∼1500 simple sequence repeats and ∼8500 SNP loci. Because the SNP genotyping error rates were low (<1%), the resulting genetic map is of high quality and will allow for high-confidence placement of sequences on linkage groups.
The Affymetrix array is based on 284 251 expressed sequence tags from seven Helianthus species that were available at the National Center for Biotechnology Information in September 2007. Most of the sequences (∼93%) were generated by the Compositae Genome Project (Barker et al. 2008; Heesacker et al. 2008) , with the remainder coming from other sources, including Genoplante (http://www.genoplante. com/). The sequences were assembled into 87 237 unigenes, of which 8378 have ambiguous orientation. Both orientations of the latter were included for array development, so probes were developed for a total of 95 589 sequences, with an average of 27 probes per sequence. Genotyping of single-feature polymorphisms (SFPs) is underway in two recombinant inbred line populations, one at INRA (N. Langlade et al., unpublished data) and one at the University of Georgia (J. Bowers et al., unpublished data). Preliminary analyses of SFPs in the INRA recombinant inbred lines indicate that it should be possible to map at least 10 000 SFPs in this population.
Physical mapping
To develop a robust physical map for sunflower, BAC libraries were constructed for HA412-HO by the French Plant Genome Resource Center (http://cnrgv.toulouse.inra. fr/en/library/sunflower). Three different restriction enzymes (HindIII, BamHI, EcoRI) were used for library development to provide more complete genomic coverage (Wu et al. 2004 ). The HindIII library includes 238 080 clones with an average insert size of 132 kb (∼9× coverage); the BamHI library consists of 86 400 clones with inserts averaging 114 kb (∼2.6× coverage); and the EcoRI library contains 81 792 clones averaging 93 kb (∼2.2×). Total BAC library coverage is 13.8×.
For physical mapping, we employed the sequence-based mapping approach developed by Keygene N.V., which takes advantage of the very low cost of Solexa sequencing to generate 20-30 unique sequences for each BAC clone. Briefly, sequence tags are produced from the terminal ends of restriction fragments from two-dimensional pooled BAC clones using the Illumina Genome Analyzer platform. BAC pools are tagged individually to allow assignment of sequences to individual BAC clones using the coordinates in the twodimensional pool screening. The BAC clones can be ordered into contigs on the basis of shared sequence tags using a modified version of FPC (Soderlund et al. 2000; Engler et al. 2003) , the same software used for physical mapping based on restriction profiles. 
Sequencing
In general, the quality of an assembly will increase with longer reads and greater sequencing depth (Schatz et al. 2010) . Longer reads can span more repeats, thereby increasing sequence connectivity, whereas greater sequencing depth increases the accuracy of base calls. Sequence depth can increase the connectivity of sequences as well, but it cannot compensate for situations in which repeats exceed read lengths, leading to gaps in the assembly. These gaps can be spanned by paired-end reads (reads from both ends of a single DNA fragment), as long as the distance between the paired reads is greater than the length of the gap in the assembly. Unfortunately, paired-end sequencing on secondgeneration platforms is technically challenging, especially for long paired-end (or mate pair) libraries, which typically are highly redundant and prone to chimera formation. In addition, it can be difficult to control insert sizes in long mate pair libraries.
Given these considerations, genome sequencing projects typically develop a mixture of paired-end libraries that vary in insert lengths and often employ sequencing platforms that generate reads of different lengths (Dalloul et al. 2010 ). For sunflower, we combined 101 bp Solexa reads ( Fig. 1) with relatively longer 454 reads (Fig. 2) . While longer Solexa reads are possible, error rates increased with sequence length (Fig. 1) , which limits the utility of the longer reads. Read lengths are more difficult to control on the 454 platform. For example, with the standard 200 cycles, read lengths range from 50 to 600 bp, with a median read length of ∼400 bp (Fig. 2) . However, read lengths can be increased substantially with more cycles, and these longer reads (in the 600-800 bp range) are available at Roche's Service Centre as part of an early access program. With respect to library development, we developed Solexa libraries for five different insert sizes (0.2, 0.5, 2, 5, and 10 kb). Both single-read and paired-end libraries with 3, 6, 8, 10, and 14 kb inserts have been constructed for 454 sequencing.
As of March 2010, we had obtained a total of 304 Gb of Solexa sequence, including 35× 200 bp inserts, 35× 500 bp inserts, 7.5× 2 kb inserts, 2.8× 5 kb inserts, and 2.9× 10 kb inserts. After filtering to only include full-length reads (i.e., pairs where no bases had quality <4), which will be the most useful for de novo assembly, and removing redundant reads (identical copies), we have a total of 28× coverage of Solexa sequence. While this provides sufficient depth for a high-quality assembly, we are preparing additional long mate-pair libraries because of high levels of redundancy in the libraries sequenced thus far. We also have 35.8 Gb short single end, 9.5 Gb long single read (from the Roche early access program), and 9.0 Gb paired-end 454 sequence, for a total of 15.5× coverage with 454 sequence. We are aiming for 20× depth with 454 reads, which we expect to achieve by mid-2011.
In addition to the WGS sequencing, cDNA from 10 tissues has been sequenced as paired-end libraries using Illumina mRNA Seq protocols. Sequencing of small RNA from the same samples is under way. We obtained between 4.4 and 10.5 Gb of trimmed transcriptomic data for each tissue: stems, leaves, roots, bracts, ray floret ligules, disc floret ligules, ovaries, seeds, pistils (pooled stigmas and styles), stamens (pooled anthers and filaments), and pollen. The assembly of these samples will allow us to identify nearly all sunflower transcripts and therefore greatly improve the genome annotation. Lastly, we sequenced over 100 BACs to validate the WGS contigs. 
Assembly
The assembly of large eukaryotic genomes is challenging because of the repeat structure of these genomes, as well as the computational requirements for handling very large numbers of reads. For these reasons, methods have been developed that partition assemblies into distinct phases (Schatz et al. 2010) . Typically, an initial phase assembles reads with unambiguous overlaps into "unitigs" (Myers et al. 2000) , whereas later phases use mate-pair information to assemble the unitigs into larger contigs and then the contigs into scaffolds (scaffolds represent contigs that are linked by mate pairs, but separated by repeats or sequence gaps).
For assembly of the sunflower genome, we have been testing several different assemblers that implement these phases in different ways. These include the Celera Genome Assembler (Myers et al. 2000) and NEWBLER (Margulies et al. 2005) , which use an "overlap-layout-consensus" approach and perform well for longer reads (>100 bp), as well as the ABySS (Simpson et al. 2009 ) and SOAPdenovo (http://soap. genomics.org.cn/soapdenovo.html) assemblers, which are de Bruijn Graph methods best suited for short reads (Simpson et al. 2009; Schatz et al. 2010) . We have generated very preliminary assemblies with all four assemblers (Fig. 3) , with the most complete assemblies coming from SOAPdenovo for the Illumina data and the Newbler Assembler for the 454 data. However, even the most complete assemblies generated to date include several hundred thousand scaffolds and cover approximately 60% of the genome.
There are several factors contributing to the incomplete assemblies produced to date. First, they include only a subset of the data (either Solexa or 454 data), and we suspect that combined assemblies that include both 454 and Solexa data will be much more complete. We are currently working on ways to combine and scaffold contigs generated from different assemblies and sequencing platforms. Second, the assemblies are based on only 50% (Celera) or 75% (Newbler) of the 454 WGS data to be generated by the project. Third, the amount of long paired-end sequence is currently quite limited (and highly redundant), so a priority during the spring of 2011 is to generate more long paired-end or mate-pair reads on both the 454 and Illumina platforms. Finally, we have only just begun to use the unique sequence tags in our BAC contigs to scaffold the sequence data. However, this approach appears to be very powerful and should allow us to generate very large scaffolds (see below).
Despite the preliminary nature of our assemblies, we do have enough contigs to evaluate the value of the genetic and physical maps for creating scaffolds and for assigning sequences to sunflower chromosomes. Comparisons with the Celera assembly data indicate that a substantial fraction of contigs can be assigned to either the genetic or physical map or to both (Fig. 4) . Currently, 7% of contigs >5 kb can be mapped to the genetic map, and 73% of contigs >5 kb contain at least one unique sequence from the physical map. When considered together, 76% of contigs >5 kb can be assigned to at least one of the two maps. This indicates that a large proportion of the final contigs should be mappable, greatly facilitating creation of large scaffolds and improving the quality of the final assembly.
Repeat structure of the sunflower genome A major challenge associated with sequencing large eukaryotic genomes is the abundance of repetitive sequences. Long repeats that exceed the length of sequence reads are especially problematic for assembly programs. Recent expansions of repeat families can be troublesome as well, since there has not been sufficient time for mutational differences to accumulate among repeats.
A preliminary analysis indicated that 78.5% of the sunflower genome consists of repetitive sequences (Table 1) , which is higher than the previously reported estimate of ∼62% (Cavallini et al. 2009 ). Our analysis was based on a 5.8% random sample of the genome (207 534 291 bp, excluding gaps). De novo repetitive sequences were identified using RepeatScout (Price et al. 2005) , annotated using The Institute for Genomic Research (TIGR) all plant repeat database (Ouyang and Buell 2004) , and used as a custom library for RepeatMasker (http://repeatmasker.org; A.F.A. Smit and P. Green, RepeatMasker, version 3.1.9) . It is likely that the high fraction of repeats characterized as novel in sunflower is an overestimation, because many of these elements could not be annotated owing to the fragmentary nature of the data.
Overall, our results indicate that sunflower is one of the highly repetitive large plant genomes, such as those of wheat and barley, with 70%-80% repetitive content (Rostoks et al. 2002; Wicker et al. 2002 Wicker et al. , 2007 . Sunflower repeat content is also considerably higher as compared with that of other model flowering plants such as Arabidopsis, rice, and maize, 
Chloroplast genome
We assembled the chloroplast genome from the 454 WGS genome based on 58 348 reads and 165× average coverage. Novel repeats present in the sunflower genome that lack similarity to TIGR plant repeats.
Because pyrosequencing is prone to homopolymer errors, putative indel differences were confirmed by mapping four lanes of Illumina WGS data onto the chloroplast genomes of HA383 and HA412. The HA412 chloroplast genome is of course very similar to the HA373 chloroplast genome sequence in GenBank. There are a total of three bases that are different, based on our assembly, which excludes one copy of the inverted repeat. Differences include two 1 bp indels in mononucleotide repeats, one between ndhD and ccsA and one between atpF and atpA, and one SNP in the intergenic region between atpB and rbcL. However, at the majority of mononucleotide repeats, some of which are exceedingly long, the two chloroplasts are identical.
Conclusions
In summary, we have made significant progress toward the generation of a fully sequenced sunflower genome. We are optimistic that our strategy, which combines WGS sequence data from multiple second-generation sequencing platforms with high-density genetic and physical maps, will prove effective for assembling large and repetitive eukaryotic genomes. Our preliminary data suggest that the sequence tags in our physical map will be especially useful for scaffolding and for assigning sequence contigs to chromosomes. While knowledge of the physical location of DNA sequences is not essential for some genome projects, many applications in crop species, including map-based cloning, marker-assisted selection, and synteny-based homology determination, require map information. Also, physical and genetic mapping data can greatly reduce the misassembly of recently duplicated regions.
While several other genome projects are underway in the Compositae (R. Michelmore, personal communication, 5 June 2010; D. Soltis, personal communication, 6 October 2010; N. Stewart, personal communication, 22 January 2010) , as far as we are aware only for sunflower will both genetic and physical mapping data be available for assembly and scaffolding. Thus, the sunflower genome will be a fundamentally important resource, enabling major advances for sunflower and the entire Compositae and providing the data necessary for functional and comparative genomic analyses related to agricultural, biological, and environmental research.
